The hydration of the tRNA Asp anticodon hairpin was investigated through the analysis of six 500 ps multiple molecular dynamics (MMD) trajectories generated by using the particle mesh Ewald method for the treatment of the long-range electrostatic interactions. Although similar in their dynamical characteristics, these six trajectories display different local hydration patterns re¯ecting the landscape of the``theoretical'' conformational space being explored. The statistical view gained through the MMD strategy allowed us to characterize the hydration patterns around important RNA structural motifs such as a G-U base-pair, the anticodon U-turn, and two modi®ed bases: pseudouridine and 1-methylguanine. The binding of ammonium counterions to the hairpin has also been investigated. No long-lived hydrogen bond between water and a 2 Hhydroxyl has been observed. Water molecules with long-residence times are found bridging adjacent pro-R p phosphate atoms. The conformation of the pseudouridine is stiffened by a water-mediated base-backbone interaction and the 1-methylguanine is additionally stabilized by longlived hydration patterns. Such long-lived hydration patterns are essential to ensure the structural integrity of this hairpin motif. Consequently, our simulations con®rm the conclusion reached from an analysis of X-ray crystal structures according to which water molecules form an integral part of nucleic acid structure. The fact that the same conclusion is reached from a static and a dynamic point of view suggests that RNA and water together constitute the biologically relevant functional entity.
Introduction
Water participates in all biochemical processes implying folding, recognition or catalysis of RNA molecules. Extensive surveys of crystallographic data have led to the view that water is an integral part of nucleic acid structures (Westhof, 1988 (Westhof, , 1993 Westhof & Beveridge, 1990; Schneider et al., 1992) . In helical duplexes, owing to the periodicity of the contacts between water and each repeating unit, speci®c hydration patterns are frequently observed. For example, a recent analysis of the highresolution crystal structure of the regular r(CCCCGGGG) RNA duplex reveals a repetitive arrangement of water molecules around base-pairs and along the backbone (Egli et al., 1996) . However, for non-periodic structures like singlestranded and loop regions, our knowledge of hydration motifs is scantier because of the limited number and the low resolution of the available crystallographic data. Besides, X-ray experiments give only partial views of the structure and dynamics of the hydration shell around nucleic acids (for discussion, see Westhof, 1987 Westhof, , 1988 . It is the hope that careful theoretical simulations on crystallographically well-described structures may ®ll in these information gaps.
The 17 nucleotide long tRNA Asp anticodon hairpin ( Figure 1 ) contains both a helical and a nonhelical component with structural motifs recurrent in many RNAs such as a wobble G-U base-pair (G30-U40) and a U-turn. Two modi®ed nucleotides (É32 and m wobble G-U base-pair is frequently associated with speci®c recognition between RNA and proteins (e.g. see Gabriel et al., 1996) or between RNAs (e.g. see Michel & Westhof, 1990) . The peculiar hydration patterns around wobble G-U base-pairs and modi®ed bases had been noted in crystallographic analyses . However, the biological signi®cance was dif®cult to assess and a conservative understanding was adopted; namely, that the recurrent and speci®c hydration sites map the favoured binding sites for the polar atoms of a potential partner in a complex.
In order to investigate the role of water in the stabilization of speci®c structural motifs and in the function of modi®ed nucleotides in RNA, we have analyzed a set of six 500 ps MD simulations (S 1 to S 6 ) of the fully hydrated (1143 water molecules) and neutralized (16 NH 4 counterions) tRNA Asp anticodon hairpin. These trajectories were generated by using the particle mesh Ewald (PME) method Essmann et al., 1995) for the evaluation of the long-range electrostatic interactions together with the multiple molecular dynamics strategy (MMD) for an ef®cient sampling of the``theoretical'' conformational space in the vicinity of the starting crystallographic structure . The PME method allows for the generation of stable nucleic acid trajectories on the nanosecond time-scale York et al., 1995; Louise-May et al., 1996) while removing the artefacts commonly associated with the use of classical truncation schemes known to affect severely the stability and the dynamics of the simulated systems (Smith & Pettitt, 1991; Auf®nger & Beveridge, 1995) . The MMD method, which consists of generating different uncorrelated trajectories by slightly perturbing the initial velocities, has proven to be useful for the evaluation of the stability of several simulation protocols . From a previous analysis of the same set of six MD simulations, the dynamical behavior of the intramolecular tertiary interactions structuring the tRNA Asp anticodon hairpin has been extensively described . The quality of these simulations allowed us to demonstrate, for the ®rst time by molecular dynamics simulations, the stabilizing contributions of C-H...O interactions in RNA structures. Further, from the same set of simulations as well as from a 500 ps simulation of the full tRNA Asp molecule, we focused on the hydration of C-H groups (Auf®nger et al., 1997) . It was concluded that, in agreement with the results of X-ray studies, acidic C-H groups interact with water molecules via H-bonds thereby contributing to the enthalpic stabilization of speci®c hydration patterns.
Here, we focus on the hydration of hydrophilic atoms of the anticodon hairpin and more speci®-cally on the following topics: (1) the hydration of the 2 H -hydroxyl groups, which constitutes the sole chemical difference between RNA and DNA; (2) the hydration of the G-U base-pair; (3) the structural role of modi®ed nucleotides; and (4) the structural signi®cance of water molecules displaying long-residence times such as water molecules bridging particular solute atoms. We further address issues relative to the sampling of the conformational space during MD and to the use of the MMD strategy. Figure 2 ). Among them, hydroxyl, imino and amino hydrogen atoms as well as non-protonated N 3 and N 7 base atoms may establish one hydrogen bond contact with the solvent, and oxygen atoms may form simultaneously up to two or three hydrogen-bonding contacts with surrounding water molecules. Next, the water accessibilities of these different hydrophilic sites will be discussed, followed by a precise characterization of the residence times of structurally important water molecules.
Results and Discussion
; base (G)N 3 /N 7 /O 6 , (C)N 3 /O 2 , (U)O 2 /O 4 , (É)O 2 /O 4 , (m 1 G)N 3 /N 7 /O 6 ; see
Global hydration features

Hydrogen-bonding percentages (HB%)
HB% are de®ned as the total number of hydrogen bonds established during a single trajectory between a particular solute atom and the sur- G notations refer to the non-standard pseudouridine and 1-methylguanine nucleotides. Right, Stereo view of the three-dimensional structure of the anticodon hairpin (yellow) surrounded by 16 NH 4 counterions (red). The simulation box (blue) is ®lled by 1143 water molecules, not shown for clarity.
rounding hydrogen bond donors such as water molecules or NH 4 counterions. These values are then divided by the total number of con®gurations analyzed (20/ps). In order to expand the statistical signi®cance of HB%, these values were additionally averaged over the six 500 ps MMD trajectories of the set. For the calculation of the HB%, the following standard hydrogen-bonding criteria were used: d(H...A) < 2.5 A Ê and (D-H...A) > 135
, where A stands for a hydrogen acceptor atom and D for a hydrogen donor atom. These HB% give a rough estimate of the occupancy and organization of the ®rst solvation shell around solute atoms (it can be noted that HB% are not equivalent to the nearestneighbour numbers, which would give a better estimate of the occupancy of the ®rst hydration shell of a solute atom but a poorer estimate of its organization). Values of HB% greater than 100% suggest the existence of more than one hydration site around a particular solute atom. Values lower than 100% point to the occurrence of one or several weakly occupied hydration sites. Particularly low HB% values suggest the participation of the solute atom in intra-molecular contacts.
Given similar hydrogen-bonding abilities of water molecules and NH 4 counterions that may lead to competition effects between water and counterions binding to RNA, ions and hydrophilic acceptor atoms will ®rst be detailed. Then, HB% between solute atoms and water molecules will be more speci®-cally discussed.
NH 4 counterion binding. NH 4 counterions have been placed around the tRNA fragment in order to ensure its neutralization. Yet, NH 4 ions have a strong structuring effect on RNA, as revealed by denaturation experiments undertaken under various ionic conditions (Lu & Draper, 1994) . These experiments suggest further that NH 4 ions may interact with RNA at speci®c sites. As observed in several MD simulations (Fritsch & Westhof, 1991; Fritsch et al., 1993), NH 4 counterions display a great diversity of behavior. While some ions remain in contact with RNA atoms, a large number of them escape from the ®rst hydration shell of the solute during the simulations. All O R and O S atoms are only partially in hydrogen-bonding contact with NH 4 ions ( Table 1 ). In the helical stem, the O R and O S atoms display equivalent and low HB% values. In the loop, however, the O R atoms, which are oriented toward the inner part of the structure, display an increased af®nity for NH 4 ions over the O S atoms and, among the base atoms, only (É32)O 2 has a signi®cant counterion HB% value. This high af®nity of NH 4 ions for the (É32)O 2 and phosphate O R atoms, is related to the presence of two strong binding sites in the loop. One is close to the O R atoms of residues U33, G34 and U35 and is present in all simulations (except in simulations S 2 and S 6 where the NH 4 ion is displaced by a water molecule establishing a longlived water bridge between the (U33)O R and (G34)O R atoms). The second, which involves (C36)O R , (m 1 G37)O R and (É32)O 2 , is observed in all six simulations (Figure 3) . Thus, NH 4 counterions may participate in stabilizing RNA tertiary structures by establishing direct hydrogen bond contacts with acceptor atoms, an interaction scheme that is only partially possible for Na or Mg 2 cations through their ®rst hydration shell. This implies that NH 4 ions replace a certain number of water molecules in the ®rst hydration shell of nucleic acids at speci®c binding sites.
Backbone and ribose HB%. The backbone O R and O S atoms are surrounded by about three water molecules simultaneously, as revealed by their average HB% values close to 300% (Table 2A) . These water molecules form well-de®ned cones of hydration around the anionic oxygen atoms. Similar hydration patterns, which are often incomplete in crystal structures (Westhof, 1990 (Westhof, , 1993 , have (Pearlman & Kim, 1990) . also been characterized in simulations of DNA oligonucleotides (Laaksonen et al., 1989; Subramanian & Beveridge, 1989; Subramanian et al., 1990b (Rao & Sundaralingam, 1970; Saenger, 1984; Benevides & Thomas, 1988; Egli & Gessner, 1995) and with the very low water accessibilities of the H 6 and H 8 atoms calculated from the same set of MMD simulations (Auf®nger et al., 1997 H side, as noted earlier (Auf®nger et al., 1997) . Thus, the hydroxyl group prefers to be an hydrogen bond donor towards water molecules than towards the nearby O 4 H atom (Egli et al., 1996) . The ribose hydroxyl O 2 H atoms are hydrated to approximately 100%, satisfying only half of their hydrogen bond acceptor potential for sterical reasons. An important exception is the low accessibility of the (U33)O 2 H atom (30%) involved in a C-H...O hydrogen bond with (U35)H 5 .
Base HB%. In the helical stem, the polar sites not involved in base-pairing are well hydrated (Table 2B ). This is veri®ed for the accessible amino hydrogens atoms which are almost fully solvated, including the two amino hydrogen atoms of the G30 base not involved in the wobble G30-U40 base-pairing scheme. The guanine O 6 atoms are Table 1 . RNA/NH 4 hydrogen-bonding percentages (HB%) for hydrophilic backbone, ribose and base acceptor atoms
4 (7) 30 (11) 27 (25) Hydration of an RNA Hairpin accessible to water only on the deep groove side resulting in a less than 100% average HB%, with the exception of the O 6 atom of the ®rst G27 base of the hairpin (177%). The cytosine O 2 atoms are more accessible (135%) than the guanine O 6 atoms. However, (U40)O 2 is hydrated to only 60% as a result of its internal position in the G30-U40 basepair. Surprisingly, the (U40)O 4 atom, which is not involved in a G-U hydrogen bond, is likewise poorly hydrated (63%). The guanine N 3 atoms display HB% values under 10%, in agreement with Subramanian et al. (1990a) , who ®rst suggested, on the basis of a Monte-Carlo study of the hydration of the r(GpC) 2 dimer, that the guanine N 3 sites are good hydrogen bond acceptor sites due to a strong competition with the adjacent N 2 donor sites. Forester & McDonald (1991) observed a similar competition effect in a simulation of a B-form DNA fragment. The guanine N 7 atoms appear to be well hydrated (70%), again in agreement with the results of Subramanian et al. (1990a) .
In the loop, the imino and amino hydrogen atoms are almost fully hydrated, since none of them is involved in classical hydrogen-bonding schemes. The (G34)O 6 and (m 1 G37)O 6 atoms are completely accessible to water, as indicated by HB% close to 200%, as well as the O 2 atoms of residues U35, C36 and C38. This contrasts with the (É32)O 4 and (U33)O 2 atoms, which are involved, respectively, in a bifurcated hydrogen bond with the two amino (C38)H 41 /H 42 atoms and in a C-H...O hydrogen bond with (C36)H 5 (Auf®nger 78 (11) 288 (14) 284 (18) 22 (6) 5 (1) 74 (2) 83 (9) C29 81 (9) 274 (26) 258 (51) 42 (16) 54 (3) 118 (9) 45 (21) Stem G30
72 (9) 276 (50) 300 (28) 33 (11) 8 (4) 85 (8) 66 (3) C31 63 (15) 283 (27) 272 (56) 25 (8) 39 (9) 121 (16) 61 (15) É32 66 (9) 279 (61) 256 (63) 14 (4) 10 (1) 113 (11) 60 (9) U33 45 (13) 213 (51) 305 (13) 10 (9) 33 (12) 30 (19) 46 (9) G34 59 (8) 179 (60) 297 (18) 6 (6) 11 (1) 105 (5) 50 (7) U35 77 (14) 54 (52) 321 (21) 15 (14) 27 (6) 91 (15) 57 (9) Loop C36 78 (11) 82 (24) 267 (36) 12 (13) 32 (12) 118 (12) 68 (8) m 1 G37 75 (5) 212 (50) 257 (31) 23 (7) 4 (1) 85 (6) 68 (5) C38 72 (11) 236 (33) 267 (19) 24 (13) 39 (5) 118 (12) 73 (9) G39 76 (9) 252 (47) 249 (43) 25 (5) 3 (1) 93 (8) 76 (10) U40 73 (12) 267 (33) 276 (18) 36 (12) 17 (4) 89 (5) 49 (16) G41 79 (17) 297 (16) 273 (29) 28 (8) 7 (2) 69 (19) 78 (13) Stem C42 71 (7) 274 (24) 286 (17) 45 (7) 50 (5) 106 (8) 60 (17) C43 175 (5) 295 (22) 291 (16) 31 (6) 47 (4) 126 (5) , 1996; and which make additional hydrogen bond contacts with NH 4 ions. The N 3 atoms of base C36 and C38 are only partially accessible to water, as are the N 7 atoms of G34 and m 1 G37.
Hydrogen-bonding contact times (HB contact times)
HB% values give an average view of the accessibilities of RNA atoms to water. Yet, as several exchanging water molecules may lead to identical HB% as that for a single long-lived water molecule occupying the same site, HB% cannot be considered as a valid measure of residence times of single solvent molecules in speci®c hydration sites. Unfortunately, no precise algorithm for the calculation of residence times is available, leading to some arbitrariness in the estimation of these values. In the following, we will evaluate water molecule residence times by calculating hydrogenbonding contact times or HB contact times, de®ned as the time a speci®c water molecule is found in hydrogen-bonding contact with a given RNA atom. The same hydrogen-bonding criteria were used as for Tables 1 and 2 
H-D) > 135
). Moreover, since a water molecule is able to form a bond with the same acceptor atom with either of its hydrogen atoms by a rotation around its HOH bisector, HB contact times were calculated considering both hydrogen atoms of the water molecule.
The HB contact times for speci®c RNA atoms versus the number of water molecules involved in these hydrogen bonds give a rough idea of the structure of the hydration shell around hydrophilic solute atoms (Figure 4) . The contact times range between a minimum value of 140 ps for the ribose O 4 H atoms and a maximum value of 500 ps for the base (N 1 )-H 1 atoms. The 500 ps limit is given by the time-scale of our simulations and longer simulations would be necessary to get a better estimate of the residence times of the most strongly bound water molecules. HB contact times larger than 300 ps, in at least one out of the six simulations, are reported in Table 3 for  hydrogen bond donors and Table 4 for hydrogen bond acceptors. Only the atoms for which a water molecule is in H-bond contact for more than 300 ps (60% of the simulation length) in at least one of the six trajectories are displayed. The values in bold correspond to hydrogen-bonding times longer than 300 ps.
The O R and O S atoms display the longest HB contact times. The average number of water molecules with HB contact times larger than 300 ps is approximately 15 for the O R atoms while it is only 2 for the O S atoms, indicating that water is more structured in the vicinity of O R atoms (Figure 4 ) despite similar accessibilities (Table 2A) . Thus, water molecules in contact with the external O S atoms are exchanging more rapidly than those in contact with the O R atoms. Water molecules with long HB contact times are found in the vicinity of all 16 O R atoms, but to a variable degree in each of the six simulations (Table 4 ). The strongest hydration is clustered around residues G30, C31, É32 and U33, and the adjacent residues m 1 G37, C38 and G39.
For the O 3 H and O 5 H atoms, the HB contact times reveal an unstructured type of hydration (Table 4) in agreement with their low HB% ( (Figure 4) .
The 2 H -hydroxyl group is the only H-bond donor of the RNA backbone. Although HB% for these atoms are, on the average, close to 64% revealing a good accessibility to water (Table 1A) , the longest calculated HB contact time reaches only 200 ps, indicative of a particularly labile type of hydration (Figure 4) . The absence of water molecules displaying long HB contact times indicates rapid exchange of water molecules in the vicinity of the hydroxyl O 2 H and H O2 H atoms. The loop (É32)H 1 and (G34)H 1 atoms, not involved in base-pairing interactions, are the only H 1 atoms of the hairpin accessible to water (Table 2b ). The (É32)H 1 atom is, throughout the six simulations, one of the best and most consistently hydrated atoms of this RNA fragment (Table 3 ). The steep part of the H 1 HB contact time pro®le corresponds to a water molecule bound to (É32)H 1 for almost 500 ps in each of the six simulations Only the atoms for which a water molecule is in H-bond contact for more than 300 ps (60% of the simulation length) in at least one of the six trajectories are displayed. The values in bold correspond to hydrogen-bonding times longer than 300 ps.
( Figure 4 ). This result is in accord with NMR (Davis & Poulter, 1991; Hall & McLauglin, 1992; Davis, 1995) and X-ray (Arnez & Steitz, 1994) studies, indicating that the pseudouridine H 1 atom may interact strongly with a single water molecule. The¯at tail of the H 1 pro®le results from the loose hydration of the H 1 atoms of the top G27 and bottom G34 bases, both only slightly accessible to water. Like the (É32)H 1 atom, the (É32)H 3 atom is strongly hydrated, as indicated by the sharp initial part of the associated HB contact time pro®le (Figure 4 and Table 3 ). The (U35)H 3 atom is accessible to water, since it is turned towards the exterior of the structure. However, the water is much less structured in its vicinity and its contribution to the HB contact time pro®le corresponds to the¯at tail.
The (G30)H 21 atom that is not participating in the hydrogen-bonding interactions of the G-U wobble base-pair, is accessible to water, as are the H 21 atoms of the bottom G34 and modi®ed m 1 G37 bases. The strongest contribution to the HB contact time pro®le comes from the (G30)H 21 atom, even if the HB contact times are less consistent between the six simulations than those calculated for the (É32)H 1 and (É32)H 3 hydrogen atoms (Table 3 ). The H 22 and H 21 pro®les are similar. However, the H 22 pro®le is shifted towards higher values, as expected for a hydrogen atom not involved in Watson-Crick base-pairing (Figure 4 ). For purine H 22 amino atoms, long-lived water molecules are found only in the vicinity of (G27)H 22 in simulation S 3 (Table 3) .
Long-lived water molecules are found in the vicinity of all cytosine H 41 atoms except that of C42 (Table 3 ) and reveal the occurrence of water molecules trapped in speci®c hydration pockets. The H 42 Watson-Crick site is accessible to water only for the C36 and C38 loop bases. The HB contact time pro®le is comparable in shape with that of the H O2 H atoms (Figure 4) . No hydration pocket is found in the vicinity of the guanine or cytosine N 3 atoms, even for cytosine residues not involved in Watson-Crick pairing (Figure 4 ). This is not the case for the N 7 purine atoms, in the vicinity of which some long-lived water molecules were found (Table 4) .
The accessible pyrimidine O 2 and purine O 6 carbonyl groups appear to be better candidates for strong water binding than the base nitrogen atoms (Figure 4) . The uridine and pseudouridine O 4 atoms, by contrast, do not display strong binding with water molecules, since they are all involved in tertiary interactions. The (U40)O 4 atom, which is external to the G-U base-pair and should consequently be highly accessible to water, is hydrated to only 63% (Table 1B) as a consequence of the proximity of an NH 4 ion also bound to (G39)O R 44% of the time (Table 2) .
Long-lived water bridges
Water molecules with remarkably long residence times in the vicinity of RNA atoms were characterized. On the present MD time-scale, these nonexchanging water molecules must be considered as structural. Since strong binding is a cooperative process involving more than one long-lived hydrogen bond, we will next describe more precisely the environment as well as the dynamical behavior of some of these water molecules.
The most frequently observed water bridges occur between adjacent O R oxygen atoms (Table 5) 
Hydration of an RNA Hairpin
Long-lived water bridges between O S atoms have not been observed, while water bridges between O R and O S atoms occur only rarely in the loop. Another feature of the hydration of this hairpin is the occurrence of various types of bridges involving the (É32)H 3 atom (in each of the six simulations, a different hydration pattern is observed around this atom; see Table 5 ). Similar observations can be made for the (U33)O 2 , (m 1 G37)O 6 and (C38)H 41 atoms, which are all located on the inner side of the anticodon loop, indicating that several hydration patterns are compatible with the structuring of the hairpin. Concerning the G30-U40 base-pair, a long-lived water molecule linking the (G30)H 21 , (U40)O 2 and (C31)O 2 atoms is found in simulations S 2 , S 5 and S 6 (Table 5 and Figure 6 ). Such a water molecule may be involved in the stabilization of the G-U base-pair as it ®ts in a hydration pocket observed in several crystal structures Betzel et al., 1994; Cruse et al., 1994) . However, it is absent in three simulations out of six and, when present, does not make a long-lived hydrogen bond contact with the U40 hydroxyl group, although it remains in its vicinity (Figure 6 ).
Specific hydration features
Hydration of the 2 H -hydroxyl group
It has been proposed that the 2 H -hydroxyl group of RNA gives rise to an axial stabilization through intrastrand hydrogen-bonding to the O 4 H atom of the adjacent ribose on the 3 H side (see Jeffrey & Saenger, 1991 (Dock-Bregeon et al., 1989) . Such possible hydrogen bonds have been described in other RNA crystal structures (Lietzke et al., 1996; Wahl et al., 1996) . However, such contacts are not frequent compared to the total number of possible intrastrand O 2 H -H...O 4 H hydrogen bonds. Quigley & Rich (1976) had noted earlier that the hydrogen-bonding capacity of the 2 H -hydroxyl group is largely unutilized in the helical regions of tRNA Phe . Moreover, the hydrogen-bonding capacity of the 2 H -hydroxyl group of some residues are often used to stabilize tertiary motifs as observed in tRNAs (Quigley & Rich, 
Characters in bold correspond to simulations in which HB contact times longer than 300 ps for at least two hydrogen bonds involving the same water molecule where detected.
1976; Westhof et al., 1985; Westhof & Sundaralingam, 1986) , hammerhead ribozymes (Pley et al., 1994; Scott et al., 1995) and in the group I intron domain (Cate et al., 1996) , by forming tertiary contacts with anionic or ester phosphate oxygen atoms, other ribose hydroxyl groups or bases.
Apart from intramolecular and intermolecular hydrogen bonds, the hydroxyl groups have been frequently found hydrogen bonded to water molecules in crystal structures (Westhof & Beveridge, 1990; Leonard & Hunter, 1993; Lietzke et al., 1996; Wahl et al., 1996) . In a recent structure of the r(CCCCGGGG) 2 octamer, where all water molecules in the ®rst hydration shell could be localized, the 2 H -hydroxyl groups were observed to be heavily hydrated (Egli et al., 1996) . The authors suggested that intrastrand hydrogen bonds between ribose O 2 H and O 4 H atoms are weak and may not account for signi®cant stabilization of RNA helices. They proposed that water molecules are much better H-bond acceptors than ribose O 4 H atoms (Egli et al., 1996) . This conclusion is corroborated by NMR experiments, which have suggested that the 2 H -hydroxyl proton is hydrogen bonded to a water molecule (Bolton & Kearns, 1978) . Recently, hydroxyl group resonances in NMR spectra of the r(CGCAAAUUUGCG) 2 dodecamer were detected (Conte et al., 1996) and, again, H-bonding of the 2 H -hydroxyl protons with water was suggested. These observations are in agreement with our MD results, which indicate that ribose O 4 H atoms do not form long-lived O 2 H -H(n)...O 4 H (n 1) intrastrand hydrogen bonds and are poorly hydrated compared to 2 H -hydroxyl groups. Furthermore, no water molecule with a long-residence time has been observed in the vicinity of any hydroxyl group of the anticodon hairpin. This may be due to the mobility of the hydroxyl groups, which can easily rotate around the C 2 H -O 2 H axis. Recently, from X-ray structures of RNA duplexes, it has been shown, in agreement with earlier studies of the hydration of tRNAs , that water molecules may establish one or multiple water bridges between 2 H -hydroxyl groups and base atoms (Egli et al., 1996; Wahl et al., 1996) . The present data suggest that such hydration patterns may result from frequently exchanging water molecules instead of single water molecules with long residence times. Besides, these hydration patterns, when observed in the crystal phase, may be more stable due to the restrained mobility of the crystallized molecules associated with packing interactions (Karplus & Faerman, 1994) .
Hydration of the G30-U40 base-pair
In a G-U base-pair, the displacement of the U, with respect to the orientation of the corresponding pyrimidine in a Watson-Crick pair, shapes an internal notch into which a water molecule can ®t (Westhof, 1988) . Two adjacent G-U base-pairs stabilized by water-mediated interactions have been described in the A domain of 5 S rRNA (Betzel et al., 1994) . In a duplex containing two G-U base-pairs (Lietzke et al., 1996) , one of the basepairs contributes to crystal packing interactions through an intermolecular hydrogen bond between a uridine O 2 H group and a cytosine O 2 atom of an adjacent duplex, as reported also by Baeyens et al. (1995) in another structure. For the second G-U base-pair, water presumably mediates an interaction between the 2 H -hydroxyl group and the guanine N 2 amino group, as described by Cruse et al. (1994) for another structure. Such bridges were previously observed in tRNAs .
In our set of MMD simulations, some water molecules are H-bonded for more than 300 ps to the (G30)H 21 atom (Table 3) . Moreover, in three out of six simulations, a long-lived water bridge between atoms (G30)H 21 , (U40)O 2 and (C31)O 2 is observed ( Figure 6 ). Our simulations, in agreement with crystal structures Betzel et al., 1994; Cruse et al., 1994; Baeyens et al., 1995; Lietzke et al., 1996) , suggest that several hydration patterns around G-U base-pairs may be possible. However, in the simulations, the hydroxyl group of the uridine does not participate in long-lived hydrogen bond interactions, as proposed on the basis of crystallographic results Cruse et al., 1994; Lietzke et al., 1996) .
Hydration of the modified bases
Pseudouridine (É32). Water molecules with long residence times are clustered around the two modi®ed bases and especially around É32 (Tables 3 and  4) , where a nicely conserved water molecule bridges the O R atoms of residue C31 and É32, and makes an additional hydrogen bond contact with (É32)N 1 -H 1 . In tRNA crystal structures, a water (Table 5 ). This water molecule is located in the vicinity of the (U40)O 2 H atom, but forms hydrogen bond contacts with this atom onlȳ eetingly.
Hydration of an RNA Hairpin molecule making similar hydrogen bonds with adjacent backbone O R atoms and the (É55)N 1 -H 1 group in the thymine loop has been described . A comparison between two electron density maps of the complexes of Escherichia coli glutaminyl-tRNA synthetase with modi®ed and unmodi®ed cognate tRNA Gln demonstrates that, at pseudouridine sites, a water molecule is bridging two O R phosphate atoms and is further bound to (É)N 1 -H 1 atoms (Arnez & Steitz, 1994) . NMR investigations of RNA helices containing pseudouridine residues have shown that the (É)N 1 -H 1 protons exchange slowly with water, suggesting a stabilizing role for the extra imino proton (Hall & McLauglin, 1992; Davis, 1995) . It is known that É39 in the anticodon of E. coli tRNA Phe stabilizes the local structure compared to an otherwise identical tRNA but with uridine at position 39 (Davis & Poulter, 1991) .
Our simulations indicate that the modi®ed É32 blocks the conformation of the base with respect to that of the backbone by establishing long-lived water-mediated interactions involving the additional N 1 -H 1 imino group. This role may be speci®c to pseudouridine, as the published NMR and crystallographic data suggest that the environment and conformation of É is identical in various RNA sequence contexts (Davis, 1995) . Further, at position 32 of the anticodon hairpin, pseudouridine may prevent the breaking of the É32-C38 pseudo base-pair that closes the loop. This interaction, although weak because it involves only one hydrogen bond , is seen intact in the crystal structure of tRNA Asp alone (Westhof et al., 1985) and in the crystal structure of the same tRNA complexed with its cognate synthetase (Ruff et al., 1991; Rees et al., 1996) . Additional stabilization of this``pseudo'' base-pair results probably also from the extensive but more dynamic hydration of the (É)N 3 -H 3 group.
1-Methylguanine (m 1 G37). m 1 G37 prevents shifts in the translation reading frame by blocking the Watson-Crick sites with a methyl group thereby hindering mispairings (Bjo È rk et al., 1989; Agris, 1996) . In order to ensure this function, a correct stacking of base 37 between the last base of the anticodon (C36) and the last base of the loop (C38) . Accordingly, we suggest that water-mediated interactions may strongly contribute to the correct positioning of the modi®ed guanine residue at position 37.
Structural role of water bridges
Water bridges are recurrent motifs in nucleic acid hydration. In a systematic survey of DNA and RNA crystal structures, water bridges occurring between backbone, riboses and bases were described and their structural role emphasized (Westhof, 1993) . A recent high-resolution structure of an RNA duplex revealed a regular column of water molecules linking all adjacent O R atoms (Egli et al., 1996) . Water bridges have been further observed in Z-DNA (Laaksonen et al., 1989; Eriksson & Laaksonen, 1992) and B-DNA simulations (Subramanian et al., 1990b; Westhof & Beveridge, 1990) . For helical conformations, energy minimization studies have reproduced some one-water bridges seen by X-ray crystallography (Vovelle & Goodfellow, 1993) .
From this set of MD simulations, a certain number of structurally important water bridges have been characterized. Among them, the most frequent involve adjacent O R atoms. Such bridges are speci®c to A-DNA and RNA, and do not occur in regular B-DNA structures given the larger distance separating adjacent O R atoms (Saenger et al., 1986; Jeffrey & Saenger, 1991) . Water bridges involving at least one pyrimidine residue may be stabilized by an additional (Y)C 5 -H 5 ...O w hydrogen bond, as observed in some A-DNA and RNA crystal structures and inferred from MD studies (Auf®nger et al., 1997) . This agrees with the conclusions reached by Vovelle & Goodfellow (1993) , who proposed that, in the A-DNA conformation, bridging sites may occur between two adjacent phosphate oxygen atoms if the second residue is cytosine. These (Y)C 5 -H 5 ...O w hydrogen bonds, although weaker, are analogous to the (É)N 1 -H 1 ...O w bond described above. Moreover, the water molecule bridging O R atoms of residues É32 and U33, which are observed in all six simulations, may be required to stabilize the anticodon U-turn. Other types of water bridges were observed between various atoms of the anticodon loop (Table 5) . These bridges are not reproduced consistently in all six simulations, suggesting that various exchanging hydration patterns stabilize this RNA hairpin.
The dynamical stability of water bridges exceeds probably the 500 ps time-scale of our MD trajectories. By NMR methods, residence times of the order of the nanosecond have been proposed for structurally important water molecules trapped in nucleic acid hydration pockets (for reviews, see Kochoyan & Leroy, 1995; Wu È thrich, 1995) . However, the upper limit of residence times is not known with precision and may be dependent on the conformation adopted by the nucleic acid as well as its sequence. Our simulations propose both an estimation of the residence times of water mol-ecules in speci®c hydration pockets and a description of the interactions stabilizing these particular solvent molecules.
Finally, we mention that the occurrence of several water molecules displaying long HB contact times with solute atoms, but not involved in one-water bridges, suggests that hydration patterns involving more than one water molecule may be important in maintaining the stability of RNA tertiary motifs. Such multiple water bridges, although frequently observed in crystal structures, have not been investigated here.
Conclusions MMD strategy
A previous analysis of this set of 500 ps MMD trajectories, focusing mostly on intramolecular interactions, led to the conclusion that, although an unprecedented level of stability has been achieved through the use of the PME method for the treatment of the long-range electrostatic interactions, the dynamical behavior of all six trajectories diverged slightly on the investigated time-scale . This slight divergence manifested itself as structural rearrangements and distinct dynamical behavior of important intramolecular interactions that were interpreted as being merely the result of local structural heterogeneity rather than of global conformational changes.
Here, we have analyzed the hydration of the anticodon hairpin. Although general hydration features could be clearly de®ned in each of the six simulations, their statistical signi®cance could emerge only through the analyses of multiple trajectories. For example, long-lived water bridges between O R atoms of adjacent nucleotides are most consistently observed around residue É32 and U33, assessing their particular role in stabilizing the anticodon loop. However, other long-lived hydration patterns, such as those found around the (É32)H 3 atom, are more versatile. These ®ndings illustrate the great dynamical complexity of this RNA system in solution, since they show that different hydration patterns of the anticodon hairpin are not only possible but that they also co-exist or exchange dynamically.
RNA hydration
From the present set of six 500 ps MMD simulations emerge characteristics of RNA hydration that complement our knowledge of the solvation of nucleic acids gained mainly through crystallographic and NMR experiments. Our simulations con®rm the role of water as an integral part of nucleic acid structure deduced from X-ray structures (Westhof, 1988) : nucleic acid structures result from an interplay between solvent and nucleic acid molecules so that both together constitute the functional structural entity.
Speci®c observations include the following points: (1) Among the hydrogen bond acceptor atoms, the anionic O R and O S as well as the base oxygen atoms when they do not participate in intra-molecular interactions, display the greatest accessibility to water. The base oxygen atoms involved in base-pairing are only partially accessible on the deep groove side for the (G)O 6 atoms and on the shallow groove side for the (C) ions. This ®nding supports the idea that NH 4 ions possess a strong and speci®c structuring potential and contribute to the stabilization of particular RNA tertiary motifs.
The 2 H -hydroxyl groups, when not involved in important tertiary interactions as seen for the residue U33, are fairly well hydrated and, in a helix, do not generally participate in long-lived intramolecular interactions. Consequently, we propose that 2 H -hydroxyl groups do not participate in the structuring of the helical parts of RNAs either through direct O 2 H -H(n)...O 4 H (n 1) hydrogen bonds or through long-lived water-mediated interactions. However, their extensive hydration may participate in the stabilization of RNA tertiary motifs and helices.
(4) Two types of hydration around a G-U basepair have been observed. In three simulations out of six, a long-lived water molecule mediates an interaction between the (G30)H 21 and the (U40)O 2 atoms. For this hydration pattern, no long-lived hydrogen bond contact between the water molecule and the U40 hydroxyl group has been observed. In the other three simulations, no water molecule making long hydrogen bond contacts has been identi®ed.
(5) Modi®ed nucleotides are thought to stabilize speci®c RNA conformations through reordering of the water structure. This has been observed in our simulations, where the water molecules displaying the longest residence times are clustered around modi®ed residues. The stabilization of a watermediated base-backbone interaction may be an essential function for pseudouridine. The 1-methylguanine residue at position 37 is also stabilized by water molecules with long residence times.
(6) Long-lived water bridges between O R phosphate atoms of adjacent nucleotides are recurrently observed in our simulations. These water bridges may play a fundamental role in the stabilization of the nucleotide backbone. Stabilization of these water bridges may be associated with (Y)C 5 -H 5 ...O w interactions, as suggested by Auf®nger et al. (1997) which, although weaker, are analogous to the (É)N 1 -H 1 ...O w interaction described for residue É32. Such water bridges between adjacent O R atoms, occurring also in A-DNA but not B-DNA, may contribute to the stabilition of nucleic acids adopting the A form (Saenger et al., 1986) . (7) The occurrence of water molecules with long residence times in the vicinity of speci®c RNA atoms is associated with multiple and cooperative contacts with other RNA atoms or water molecules. Consequently, water molecules that are not stabilized by multiple hydrogen bonds with the solute, such as water molecules in H-bond contact with 2 H -hydroxyl groups, do not display long residence times, exchange frequently with neighbouring water molecules and should be easily displaced for participating in RNA-RNA or RNAprotein complex formation.
